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ABSTRACT
We present simulations of the dynamical evolution of young embedded star clusters.
Our initial conditions are directly derived from X-ray, infrared, and radio observations
of local systems, and our models evolve both gas and stars simultaneously. Our regions
begin with both clustered and extended distributions of stars, and a gas distribution
which can include a filamentary structure in addition to gas surrounding the stellar
subclusters. We find that the regions become spherical, monolithic, and smooth quite
quickly, and that the dynamical evolution is dominated by the gravitational interac-
tions between the stars. In the absence of stellar feedback, the gas moves gently out
of the centre of our regions but does not have a significant impact on the motions of
the stars at the earliest stages of cluster formation. Our models at later times are con-
sistent with observations of similar regions in the local neighbourhood. We conclude
that the evolution of young proto-star clusters is relatively insensitive to reasonable
choices of initial conditions. Models with more realism, such as an initial population
of binary and multiple stars and ongoing star formation, are the next step needed to
confirm these findings.
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1 INTRODUCTION
Canonical wisdom in the field of star formation is that “all
stars form in clusters”. A more accurate summary of the pa-
per used to support that statement (Lada & Lada 2003) is
that most Galactic star formation occurs in embedded pro-
toclusters, many of which will not emerge from their molec-
ular clouds as bound star clusters. Certainly it is true that
stars do not form in truly isolated regions. Both observations
of young star-forming regions (e.g. Feigelson et al. 2013)
and theory and simulations of star formation (e.g. Offner
et al. 2009) paint a picture of star formation as a turbu-
lent, clumpy, stochastic process. The crowded environment
in which stars form must, to some extent, determine the
properties of stars themselves – the initial mass function,
stellar multiplicity distributions, and probably their plane-
tary properties as well. At the same time, we expect that
some of the protoclusters manage to remain as gravitational
bound entities, and should form the open clusters we see to-
day. Embedded clusters may also provide insights relevant
to the earliest stages of the life of massive, dense globular
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clusters, especially now that we are learning that those clus-
ters may have had more than one episode of star formation
(Gratton et al. 2012).
There are a number of as-yet unanswered questions
about the processes through which embedded protoclusters
evolve. For example, most open clusters have little remaining
gas and dust, and are well-described by a smooth, spheri-
cal stellar spatial distribution. Younger embedded clusters,
on the other hand, more often show clustered or filamentary
substructure. The Massive Young Stellar complexes study in
Infrared and X-rays (MYStIX) (Feigelson et al. 2013) identi-
fied over 31 000 stars in 20 nearby star-forming regions, and
used mixture models to identify (sub)clusters of isothermal
ellipsoids in each region (Kuhn et al. 2014). These 20 regions
contain 142 subclusters, and each also has a non-clustered,
distributed population of stars. A careful analysis allowed
the MYStIX team to determine the total number of stars,
the size, the ellipticity, and the approximate age of each sub-
cluster (Getman et al. 2014). These regions display a variety
of morphologies. Some are clearly filamentary, with a string
of sub-clusters creating a linear structure on the sky. Oth-
ers are more centrally concentrated in one dominant cluster
with a core-halo morphology, and still others are charac-
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terized as clumpy. How and when do the regions lose their
substructure? In the MYStIX observations, there is no obvi-
ous age difference between the most substructured systems
and the most spherical regions. On the other hand, merg-
ing is the outcome of many simulations of clumpy or fractal
self-gravitating star systems (Proszkow & Adams 2009; Fu-
jii et al. 2012; Banerjee & Kroupa 2015). Models suggest
that the erasure of small-scale structure through merging
can affect quantities that are used to trace the process of
star formation, such as mass segregation (e.g. Parker et al.
2014).
Embedded clusters may also be affected by the rem-
nants of their natal molecular cloud. Recent observations
of the Orion Nebula Cluster (Stutz 2017) demonstrate that
the gas component of that cluster dominates the gravita-
tional potential throughout the cluster except at the very
centre. In another of the MYStIX regions, DR21, the gas
mass is at least comparable to the stellar mass (Schneider
et al. 2010). Within a few tens of Myr, however, star clus-
ters and associations have a very low gas content. It is ex-
pected that gas is removed by stellar feedback in the form
of outflows, stellar winds, and eventually supernovae. Some
dynamical models of embedded clusters have studied this
early gas loss by including an additional gravitational poten-
tial which is lost either instantaneously (Proszkow & Adams
2009) or by decreasing the gas mass with time (Banerjee &
Kroupa 2015). Rapid loss of the gas potential can leave an
unbound stellar association that disperses with time (Good-
win & Bastian 2006) in a stage commonly called ‘infant mor-
tality’, although recent simulations suggest that perhaps the
effects of gas expulsion may be less dramatic than previ-
ously thought (Parker & Dale 2013). Very few simulations
have followed the simultaneous evolution of gas and stars,
and allowed both components to influence the motion of the
other, although codes have been developed with this kind of
project in mind (e.g. the SEREN code, Hubber et al. 2013).
The early work of Pelupessy & Portegies Zwart (2012) used
the AMUSE code to model spherical clusters of 1000 stars
suggested that the duration and method of gas removal could
have a substantial effect on the eventual appearance and
structure of the star cluster. Our theoretical understanding
of embedded star clusters needs to involve both stars and
gas, and should also be driven by our observations of such
systems in the local Galaxy.
In this paper, we present simulations of embedded pro-
toclusters, including the simultaneous evolution of both their
stellar and gaseous components. Our simulations explicitly
use the observed sub-structure of embedded clusters, taken
from the MYStIX work, to inform the initial conditions for
our simulations. We also use live gas particles, and calculate
the gravitational interaction between the gas and the stars
in these embedded clusters. We are interested in understand-
ing the timescales and processes that drive the evolution of
these systems, with the intention of eventually being able
to understand how bound stellar systems across mass scales
are assembled and evolve.
In the next section, we describe the methods we used to
set up and evolve young star clusters based on observational
initial conditions. We discuss our results in section 3, and
draw some conclusions as well as outlining future work in
section 4.
Figure 1. Initial conditions for DR21. X and Y axes correspond
to RA and Dec, respectively. Stars are shown as blueish-white
objects; gas is included as diffuse emission, reflecting light from
nearby bright stars. Gas is also indicated with contour lines.
The lowest contour level corresponds to a surface density of
150 M pc−2, and each subsequent line is a factor of 100.5 higher.
Figure created using FRESCO2.
2 METHOD
We used AMUSE (Portegies Zwart et al. 2009; Pelupessy et al.
2013), the Astrophysical Multipurpose Software Environ-
ment, to create our initial conditions as well as to evolve
the gas and stars simultaneously. AMUSE is essentially a
python wrapper that connects different community codes
that model many physical effects: gravitational dynamics
of both large and small numbers of particles, hydrodynam-
ics, radiative transfer, and stellar and binary evolution, as
the user requires. In these simulations, we couple a colli-
sional N-body gravitational dynamics code with a hydrody-
namical code, and allow the star and gas particles to influ-
ence each other gravitationally through a mechanism called
Bridge (Fujii et al. 2007). We create the initial conditions in
the AMUSE format based on the observational constraints
we have, and then we evolve each system for up to 10 Myr.
2.1 Initial Conditions
Most previous simulations of young clusters have assumed
either an initial spherical distribution of stars (Proszkow
& Adams 2009), a group of spherical sub-clumps (Banerjee
& Kroupa 2015; Fujii et al. 2012) or a fractal distribution
(Parker & Wright 2016) which more closely resembles the
observations of young clusters. In our case, we took our ini-
tial conditions directly from observations of young clusters
where possible.
2 https://github.com/rieder/FRESCO
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The MYStIX observations, in Kuhn et al. (2014), give
the number of subclusters, the semi-major and semi-minor
axes of each ellipse which best fits that subcluster as well as
the position angle of each ellipse on the sky. They also give
the right ascension and declination of each star observed in
the region. The fit to the stellar density includes the sub-
clusters as well as an ‘unclustered’ component (essentially a
uniform density background of stars). There are also some
stars in each region which are labelled as ‘unknown’. These
are stars that are not cleanly identified with either a sub-
cluster or the uniform background, but still exist in the im-
age and therefore are included in our simulations.
2.1.1 Positions
First, we used the stellar positions taken directly from the
MYStIX observations. We mapped the right ascension and
declination of each star to x and y positions in parsec from
the cluster centre, using the distances and cluster centres
given in Kuhn et al. (2014). All stars in the MYStIX ob-
servations are used, including stars assigned to individual
subclusters, and also the background of stars labelled as
‘unclustered’ and ‘unknown’. We assigned z (line of sight)
positions of these stars by drawing randomly from a reason-
able range of distances. For the subclusters, we used the size
of the minor axis of each subcluster as the z range for each
star. The z range for the background stars, zmax is set to a
value which encompasses the maximum extent of these stars
in the xy plane.
MYStIX only measures positions for stars more massive
than approximately 0.83 M. Therefore, we added a popu-
lation of low-mass stars (0.08 to 0.83 M). For the sub-
clusters, the total number of stars was taken from Kuhn
et al. (2015), where they estimated the unseen stars by
populating an initial mass function (IMF) normalized by
the number of observed stars. We create a Plummer (1911)
sphere, with a core radius given by the harmonic mean of
the observed major and minor axes of the fitted ellipses. For
a Plummer sphere with a scale radius a, the core radius is
≈ 0.64a, the half-mass radius is ≈ 1.3a, and the virial radius
(used by AMUSE to set up the distribution) is 16a/(3pi). We
then multiply the position of each star along one axis by the
necessary factor so that the Plummer sphere becomes the
appropriate observed ellipse. We also use the observed po-
sition angle of each sub-cluster to get the correct relative
orientation of all sub-clusters in the plane of the sky. For
most of our simulations, we assumed that each subcluster
lies along the z=0 plane, but we also varied this parame-
ter to allow the subclusters to be scattered about the z=0
plane by a random distance that was less than our parame-
ter Zoffset. We also add a uniform density sphere of low-mass
stars around the entire region, where again the total number
of unclustered stars of all masses is calculated by populating
an initial mass function down to 0.08 M, normalized by the
number of higher-mass stars. Given the mass range of the
observed stars (0.83 to 10 M) and our assumed IMF slope,
we add approximately 2 low-mass stars for each observed
star. The size of this sphere is the same as the size we used
to determine the z positions of the higher-mass unclustered
stars.
In figures 2 and 3 we show the positions of stars in our
model of DR21 in the xy plane (equivalent to the RA-Dec
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Figure 2. Initial stellar positions for the DR21 simulations. Ob-
served MYStIX stars are shown as red circles, and the inferred
population of low-mass stars are shown as small black points.
plane of the sky). Observed stars are shown as red circles
and the inferred low-mass stars are shown as small black
points.
Figure 3 is a zoom-in of the most central sub-cluster,
showing the subclustering of the low-mass stars and their
distribution in an ellipse determined by the observed stars.
To show the stellar distributions in a slightly different way,
figure 4 shows the cumulative radial distributions of the ini-
tial positions of the observed high mass and inferred low
mass stars in DR21, measured in the plane of the sky from
the centre of mass of our system. The radial distributions
of the two populations are very similar until the edge of our
simulation area.
2.1.2 Velocities
We do not have observed velocity information for the stars
in our sample. Therefore, this is a parameter that we vary
during our simulations. In general, we give the stars in each
sub-cluster a velocity dispersion which is related to the virial
parameter αvir = 2T/|W |. We note that this definition of the
virial parameter typically is calculated using only the poten-
tial of the stars, and not of the gas which is also present in
the region. Therefore, it does not reflect the true virial state
of the system. However, most observational studies which es-
timate the velocity in star forming regions from virial argu-
ments make the same kind of assumption – papers interested
in the stellar velocities usually only include the stellar mass;
papers interested in the gas properties only consider the gas
mass. When both stars and gas are considered (Foster et al.
2015), the stars are found to be moving with sub-virial veloc-
ities while the gas is moving with velocities closer to that set
by virial equilibrium of the entire system. Typical observed
values of the velocity dispersions are in the range of a few
MNRAS 000, 1–11 (2018)
4 A. Sills et al.
-1.0 -0.5 0.0 0.5 1.0
X (parsec)
-1.5
-1.0
-0.5
0.0
0.5
Y
(p
ar
se
c)
Figure 3. Initial stellar positions for one sub-cluster in the DR21
simulations. Observed MYStIX stars are shown as red circles, and
the inferred population of low-mass stars are shown as small black
points.
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Figure 4. Cumulative radial distribution in the xy plane (i.e. the
plane of the sky) for the initial positions of the stars in the DR21
simulation, measured from the centre of mass of our system. The
red line shows the observed stars from the MYStIX sample while
the black line shows the inferred low mass stars.
Figure 5. Initial conditions for M17. See figure 1 for a descrip-
tion. The lowest contour level corresponds to a surface density of
167 M pc−2, and each subsequent line is a factor of 100.5 higher.
km/s (Schneider et al. 2010; Foster et al. 2015). We investi-
gated three values for αvir in our simulations: virial systems
with αvir = 1, a subvirial system with αvir = 0.08, and a
supervirial system with αvir = 2 (again, where we use only
the kinetic and potential energy of the stars, and neglect the
contribution of the gas to the gravitational potential).
We give the unclustered stars an overall velocity dis-
persion as well, drawn from a user-specified value (σstars =
0-2 km/s). In all cases, we give each star in its component
(sub-cluster or unclustered background) a velocity vector
with three random components, and then ensure that the
dispersion of each grouping of stars has the required value.
We can also allow each sub-cluster to have a bulk ve-
locity relative to the others in the simulation, Vrel. We im-
plement this by allowing each sub-cluster to have a velocity
whose magnitude is set to a user-specified value, but the
direction is randomized except that the y velocity must be
acting along the gas filament if one exists, and the x and z ve-
locities have smaller magnitudes that the y velocity. In these
simulations, we investigated velocities up to 2 km/s, compa-
rable to the velocity dispersions within the sub-clusters.
2.1.3 Masses
We have measured masses for a small number of stars in the
MYStIX sample (Kuhn, private communication), but the
mass information is far from complete. Therefore, we ran-
domly assign masses from a broken power law IMF (Kroupa
2001) between 0.83 and 10 M for the stars with observed
positions, and randomly assign masses from the same IMF
between 0.08 and 0.83 M for the unobserved low mass stars.
For simplicity, we assume that all the stars in our simulation
are single.
MNRAS 000, 1–11 (2018)
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2.1.4 Gas
After the stellar positions are determined, we add gas to
the simulation. Each sub-cluster is assigned its own ellipsoid
of gas, with the same properties as the ellipsoids of stars –
it is a stretched Plummer sphere, with the same axis ratio
and position angle as the stars. We also include a sphere of
gas to follow the unclustered stars. The total mass in gas
for each sub-region is set to be a fraction fgas of the to-
tal mass in stars. Our fiducial runs have the same gas and
stellar masses, and we vary this ratio to determine the im-
pact of gas mass on the resultant star cluster. Finally we
add a background of gas, a Plummer distribution with a
given scale radius ra which can be either a sphere or a “fil-
ament”, approximated by stretching the Plummer distribu-
tion into an ellipsoid with a very large axis ratio. The mass
of this background gas is loosely estimated from observa-
tions of the region of interest (Schneider et al. (2010) for
DR21, Massi et al. (2015) for NGC 6357, and Reid & Wil-
son (2006) for M17), after accounting for the gas we have
associated with the clustered and unclustered stars. We note
that the choices of gas mass for star-forming regions should
be considered representative rather than precise, as the ob-
servations from which gas masses are determined usually
cover a larger region than the MYStIX stellar observations,
and the structure of the gas is complicated (holes, bubbles,
filaments, etc.) rather than the smooth distribution we have
assumed in our simulation. All gas particles have the same
mass (0.05 M in the simulations presented here).
Our gas has an initial temperature of 10 K, consistent
with temperature determinations of the typical gas temper-
ature in star-forming regions such as DR21 (e.g. Schneider
et al. 2010). The gas temperature is observed to reach 60-
100 K in the centres of clumps, likely due to heating from
the natal protostars. In our code, however, we treat our gas
with an adiabatic equation of state and do not include ra-
diative heating or cooling, so a uniform temperature for the
gas is a reasonable but simplistic approximation. Currently
these simulations do not include sink particles, so we cannot
follow star formation from the collapse of gas to very high
densities. We give the gas a velocity dispersion, σgas, calcu-
lated within each sub-cluster or the background, which has
the same value for all regions.
2.1.5 Regions
For our parameter space study, we concentrated on the
DR21 region. This is one of the youngest regions in the
MYStIX sample, and is deeply embedded. It lies in one end
of a long, dense molecular filament, and there are a number
of sub-filaments outside the MYStIX region which are ap-
proximately perpendicular to the main filament. We chose
this region for our main investigation since it appears to be
in an earlier stage of formation than most of the MYStIX
regions. We also ran a simulation for M17 and NGC 6357
with our default parameters, to look at the effect of dif-
ferent morphologies on our results. M17 is an older region
which is mostly spherical, but still contains some substruc-
ture within the main cluster. In the MYStIX classification,
it is considered to have a ‘core-halo’ structure. There is still
a fair amount of gas within the M17 star cluster region, sug-
gesting it still has some time before it completely emerges
Figure 6. Initial conditions for NGC 6357. See figure 1 for a
description. The lowest contour level corresponds to a surface
density of 103 M pc−2, and each subsequent line is a factor of
100.5 higher.
from the natal cloud. NGC 6357 consists of three main re-
gions, each with a core-halo structure. They are located on
or near the edges of a large bubble that has been blown in
the ISM some time ago.
The initial conditions for the DR21 simulation, as
well as for two other regions that we modelled (M17 and
NGC 6357) are shown in figures 1, 5, and 6. These images
show the xy plane (i.e. the plane of the sky). The stars are
represented as objects with intensity and colour related to
their mass and radius. Gas is rendered as diffuse emission
and its smoothed surface density is also shown with contour
lines.
In table 1 we give the global information about each of
our modelled regions (DR21, M17 and NGC 6357). These do
not change when we were doing our parameter space study,
and are based on the observed properties of the regions. In
table 2 we give the simulation parameters that we varied for
each run. These include the virial parameter of each stellar
sub-cluster (Q, defined using the kinetic and potential en-
ergy of the stars alone); the velocity dispersions σ for the
stars and for the gas; the gas fraction fgas, given as the ratio
between the mass of gas to the mass of stars in each sub-
cluster; the maximum relative velocity of the sub-clusters
Vrel; and the maximum distance of each sub-cluster from
the z=0 plane zmax. We performed the fiducial simulations
for all three regions; the other simulations were done using
DR21 as the test region.
2.2 Evolution
After we have created our initial conditions, we use AMUSE
to evolve the system forward in time. For these particular
simulations, we use the 4th-order Hermite gravitational N-
MNRAS 000, 1–11 (2018)
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Table 1. Cluster Parameters
Cluster RA Dec Distance Background Gas Extent of unclustered Total number
(deg) (deg) (pc) Mass ra ellipticity stars zmax of stars
DR21 309.752083 42.345092 1500 1500 M 10 pc 0.8 4 pc 3994
M17 275.099269 -16.174685 2000 800 M 10 pc 0 5 pc 17870
NGC 6357 261.352832 -34.331317 1700 2000 M 25 pc 0 12 pc 15078
Table 2. Simulation Parameters: Stellar virial parameter (αvir), velocity dispersions of unclustered stars and gas (σstars and σgas),
fraction of gas in each sub-cluster relative to stellar mass (fgas), maximum velocity of the subclusters relative to each other (Vrel), and
maximum offset of each subcluster from the z=0 plane (Zoffset).
Model Name αvir σstars σgas fgas Vrel Zoffset
fiducial 1 1 km/s 1 km/s 1 0 km/s 0
subvirial 0.08 1 km/s 1 km/s 1 0 km/s 0
supervirial 2 1 km/s 1 km/s 1 0 km/s 0
low stellar sigma 1 0 km/s 1 km/s 1 0 km/s 0
high stellar sigma 1 2 km/s 1 km/s 1 0 km/s 0
low gas sigma 1 1 km/s 0 km/s 1 0 km/s 0
high gas sigma 1 1 km/s 2 km/s 1 0 km/s 0
low gas fraction 1 1 km/s 1 km/s 0.1 0 km/s 0
high gas fraction 1 1 km/s 1 km/s 10 0 km/s 0
middle relative velocity 1 1 km/s 1 km/s 1 1 km/s 0
high relative velocity 1 1 km/s 1 km/s 1 2 km/s 0
middle offset 1 1 km/s 1 km/s 1 0 km/s 0.5× zmax
high offset 1 1 km/s 1 km/s 1 0 km/s 1.0× zmax
body code ph4, purpose-written for AMUSE, to evolve the
stars under the influence of their own self-gravity. We use the
smoothed particle hydrodynamics code Gadget2 (Springel
2005) to evolve the gas under their own self-gravity and
hydrodynamic forces. To couple the gas to the stars, we
use the Bridge formalism (Fujii et al. 2007) with the dy-
namics code FastKick. This mechanism allows us to self-
consistently model the motion of all components of the sys-
tem according to the full gravitational potential, while still
using the most appropriate numerical techniques for the in-
dividual sub-systems given the natural times on which they
evolve. Bridge works by having each system experience the
gravity of the other through periodic velocity kicks, with
normal evolution in between. Particular attention must be
paid to the relative timesteps of these drift-kick interactions,
and we use a short interaction time of 0.01 N-body system
times in all our simulations, as our gas and stars are physi-
cally intermixed.
For simplicity, we assume that our gas is appropriately
modelled with an adiabatic ideal gas equation of state. We
do not include star formation or stellar feedback, either in
the form of stellar winds or of supernovae. Therefore, we
limit our simulations to the first 10 Myr of the clusters’
evolution, as that is below the lifetime of the most massive
stars in our simulation.
3 RESULTS
All our simulated systems quickly collapse to a nearly spher-
ical, centrally concentrated cluster, as shown in figure 7 for
the fiducial DR21 simulation. The timescale for this col-
lapse is short, on the order of a Myr, and the timescale
Figure 7. Snapshots of the first 9 snapshots of the evolution of
DR21 in our fiducial simulation, from top left to lower right. The
snapshots are taken 100 000 years apart, with the first snapshot
100 000 years after the simulation begins. Each snapshot is 5
pc on a side, otherwise as in figure 1. The subclusters have almost
entirely merged within the first million years of cluster evolution,
and the gas density has become quite spherical.
does not depend much on the choices of initial parameters.
This result is in agreement with N-body, gas-free simula-
tions of subclustered regions (e.g. Fellhauer et al. 2009; Fujii
et al. 2012; Parker & Wright 2016), where the clusters lose
MNRAS 000, 1–11 (2018)
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their substructure on approximately the same timescale. It
is interesting to note that in the Parker & Wright (2016)
simulations, the systems with subvirial velocity dispersions
evolve to smooth clusters more quickly than those with a
higher initial virial parameter αvir = 2T/|W |. Our simu-
lations have an additional gravitational potential from the
gas mass, which effectively decreases the virial parameter
and shortens the time for collapse.
3.1 Substructure
To characterize the substructure seen in our simulations,
we used the Q+ algorithm (Jaffa et al. 2017), which is not
related to the virial parameter but rather characterizes the
fractal distribution of the stars. The Q+ algorithm describes
a sub-structured star cluster in terms of three parameters:
the fractal dimension, the number of levels, and the den-
sity scaling exponent. The fractal dimension describes how
clumpy or smooth the distribution is, with 1 being very
clumpy and 3 being smooth. The number of levels describes
the range of scales over which the fractal sub-structure
exists, with a low value indicating that the smallest sub-
structures are not much smaller than the overall cloud and
a high value indicating that the smallest structures are very
small compared to the cluster size. The density scaling expo-
nent describes where most of the mass is distributed in the
hierarchy, with a high value indicating that most of the mass
is confined to the smallest sub-structures and a low value in-
dicating that the sub-clumps are not much more dense than
the larger clumps. Clusters that are not sub-structured but
centrally condensed can be characterised by a radial den-
sity exponent using the method described in Cartwright &
Whitworth (2004) which is incorporated into the Q+ analy-
sis code.
What we found was that the fractal dimension of
the DR21 fiducial simulation was consistently 1.58 (quite
clumpy) until the sub-clusters merged at around 0.5 Myr.
However, during that time, the number of levels decreases
steadily and the density scaling exponent increases, suggest-
ing that the stars from the smallest sub-clump(s) are spread-
ing out to fill the larger hierarchy. After the clumps merge at
∼ 0.5 Myr, the region completely loses its fractal structure
and is consistent with a centrally concentrated system. The
central stellar density increases with time, as does the radial
density gradient.
If we limit our analysis to only the high mass stars
(M > 0.83 M) that were taken from the MYStIX obser-
vations and exclude the low mass stars added for complete-
ness we can compare the structure that would be theoret-
ically seen by an observer to the full structure we have in
the simulations. These results are shown in figure 8. For the
initial conditions of DR21 this mass limited analysis gave a
lower fractal dimension and density scaling exponent than
analysis of the full cluster but a similar number of levels.
This suggests that the observable higher mass stars pop-
ulate a more clumpy distribution, but are not confined to
the smallest sub-clumps. Their evolution showed the same
trend as the full cluster. The high mass stars in M17 and
NGC 6357 exhibit similar behaviour; the initial conditions
have a low fractal dimension and high number of levels, but
the substructure is quickly erased (within 1-2 Myr) and the
cluster becomes centrally concentrated. It is interesting to
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Figure 8. Figure showing the evolution of the cluster struc-
ture over time. We analyse only the massive stars taken from
the MYStIX observations, as this should be similar to what ob-
servers would be able to detect. Filled symbols indicate lower
limits (α ≥ 3) as the analysis we perform cannot estimate radial
density exponents greater than 3. The lines begin at the timestep
in which the fractal structure is lost and the cluster becomes clas-
sified as centrally concentrated.
note that when the full clusters are analysed, M17 would not
be classified as fractally sub-structured and NGC 6357 only
just so. It is only when we analyse the high mass compo-
nent of these two clusters that the sub-structure is detected.
However, this difference in structure is ambiguous and may
be caused by limitations in the Q+ analysis rather than an
actual difference in structure between the high mass and low
mass components.
3.2 Structural Properties
The MYStIX observations provide a large sample of struc-
tural properties of embedded stellar (sub-)clusters, to which
we can compare our models. In order to make this com-
parison, we measure structural properties of our simulations
every ∼100 000 years for the first 7 Myr of their evolution.
We treated each snapshot as an ‘independent observation’
in order to make the comparison to the MYStIX observa-
tions. The MYStIX regions have a variety of ages, masses,
and (most probably) initial conditions, so a one-to-one com-
parison is not straight-forward. However, by looking at the
ensemble properties of the model snapshots compared to the
observations, we are able to make inferences about the evo-
lution of these regions and the influence of the various values
of the initial parameters we chose for our simulations.
The two main structural parameters that are best mea-
sured in the MYStIX sample are the core radius of the
subclusters and their central density of stars. The MYStIX
data show a clear anti-correlation between the two quanti-
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ties, shown as a solid line in figure 9. Our models all begin
with core radii that are much larger than the observed sub-
clusters (to the right part of figure 9), which is simply a
result of our analysis – we calculate a single core radius for
each snapshot, and so when the simulations still maintain
their sub-structured appearance, this core radius will be too
large. Our models evolve first to smaller core radii at approx-
imately constant density, and then evolve along the MYStIX
relation. This agreement suggests that the central density-
core radius relationship is fundamental to the structure of
young stellar clusters.
We also point out that the various parameters that we
chose to investigate in our models make, for the most part,
very little difference to the overall structure and evolution
of the system. To guide the reader’s eye, we highlight four
particular simulations in figure 9. First, our canonical model,
the DR21 fiducial simulation is shown as blue filled squares.
The initial conditions have an overall core radius around
1 pc and a central density of ∼ 106 M/pc3, and after about
0.5 Myr, the model has come close to finishing its collapse to
a single, spherical system with a core radius of about 0.1 pc.
Almost all the other DR21 models show a very similar
evolution, with some variation in the exact values of core
radius and central density. The clear exception is shown in
orange squares. This is the simulation that begins with sig-
nificantly more gas – a factor of 10 more mass in gas than
in stars in each of the initial subclusters. Only in this case
does the stellar density remain significantly lower (below
∼ 106 M/pc3), but still the simulations evolve quickly to
the observed relation. Interestingly, the opposite simulation
with a factor of 10 less gas mass than stellar mass does not
show as significant a difference from the fiducial simulation,
suggesting there is a threshold required before the gas mass
has an observable effect on the stellar structure.
The other two simulations to note are the two fiducial
simulations for the other two regions (M17 – red triangles,
and NGC 6357 – green circles). Despite the difference in
the total mass in stars, and their initial sizes, these simu-
lations also follow approximately the same evolution in this
diagram as the DR21 simulations. Because NGC 6357 is ini-
tially much larger (core radius ∼ 3 pc or so), it takes longer
to collapse, but otherwise the evolution and its endpoint is
the same. We note that the MYStIX observations show a
scatter of about an order of magnitude in central density at
a given core radius (above the line drawn in figure 9) and
that the observed subclusters in DR21 lie along the bot-
tom of that scatter while the subclusters in M17 and NGC
6357 lie closer to the top of the scatter. This fundamen-
tal relationship between core radius and central density is a
natural outcome of dynamical evolution of merging stellar
sub-clusters. To facilitate the interpretation of the previous
figure, we include the evolution of the stellar density as a
function of time in figure 10. The line colours are the same
as the colours shown in figure 9.
In contrast to the stellar density of the cluster, the cen-
tral gas density decreases with time, as shown in figure 11.
By looking at the half-mass radius or virial radius of the
gas, we can see that as the stellar cluster contracts and the
sub-clusters merge, the gas moves outwards. At these early,
gentle stages of gas motion, the stars shows no signs of re-
acting strongly to the reduction in the overall cluster poten-
tial – rather than expanding, the stars continue to contract
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Figure 9. Central stellar density vs core radius, for all runs. The
first 7 Myr of evolution was saved in snapshots every ∼ 100 000 yr,
then each density-radius pair plotted as if it was a unique observa-
tion. The solid line is best-fit to MYStIX observations. The vari-
ous symbols and colours correspond to different simulations. Four
of importance are the DR21 fiducial simulation (blue squares),
the DR21 simulation with high gas fraction (orange squares), the
M17 fiducial simulation (red triangles), and the NGC 6357 fidu-
cial simulation (green circles). The grey squares are variations of
the DR21 simulation with the parameters given in table 2.
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Figure 10. Central stellar density as a function of time, for all
runs. The different colours correspond to the same simulations as
in figure 9.
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Figure 11. Central gas density as a function of time, for all
runs. The different colours correspond to the same simulations as
in figure 9.
slowly over time. This is in contrast to simulations in which
the gas potential is removed quickly or instantaneously, sug-
gesting that the timescale of the gas removal mechanism is
important for the subsequent evolution of the star cluster.
3.3 Kinematic Properties
Our expectation from previous simulations is that as the
clusters collapse, the stars’ velocity dispersion will increase
(Foster et al. 2015; Parker & Wright 2016). Our simula-
tions show the same behaviour, but only during the collapse
phase. Shortly afterwards, the clusters settle to a steady
state appropriate for their new spherical configuration, as
shown in figure 12. Again, the various parameters we chose
to investigate result in very little difference in the value or
evolution of the velocity dispersion, except when the region
has substantially more gas (orange line) than our fiducial
run (blue line). The velocity dispersion does not change sub-
stantially even as the region collapses. Because we have all
the information for each particle in our simulation, we can
directly calculate the total kinetic and potential energies in
the simulation, and therefore the virial ratio. Observation-
ally, however, the virial ratio is often inferred from the ve-
locity dispersion, estimates of total mass and radius of the
region, and assumptions about density distributions.
In figure 13 we plot the true virial ratio for the two sim-
ulations highlighted in the previous figure. The high stellar
velocity seen in the high gas mass simulation is caused by the
increase in total gravitational potential, as both simulations
have similar overall virial ratios. The solid and open squares
show other calculations of the virial ratio for the DR21 fidu-
cial run. The solid squares use the information about stars
alone without considering either the kinetic or the potential
energy of gas. Our gas mass and stellar mass are approxi-
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Figure 12. Stellar velocity dispersion as a function of time for
all the DR21 region runs. The different colours correspond to the
same simulations as in figure 9. The orange line, with the higher
velocity dispersion, is the high gas fraction simulation.
mately the same in this simulation, and the gas has a very
small kinetic energy. Therefore, the stellar-only virial ratio
is too large by a factor of about two, which could would us
to an incorrect interpretation about the lack of boundedness
of this region. If careful observers were to consider the stel-
lar kinetic energy and the potential of both the stars and
the gas, they would calculate that the virial ratio was given
by the open squares. In this particular region, that value is
much closer to the true value. However, simply including all
the mass contributions to the potential in a region may not
be sufficient to corrected determine the virial ratio. Embed-
ded clusters and star-forming regions will have a different
ratio of stellar to gas mass, and also stellar to gas velocity
dispersion, throughout their evolution. Observers must con-
sider all contributions in order to understand the true virial
state of these systems.
4 CONCLUSIONS
We have presented simulations of young, embedded star
clusters in which we simultaneously model the dynamical
evolution of both the stars and the gas, beginning with ini-
tial conditions that are motivated and directly drawn from
observations. By comparing our results to observations from
the MYStIX regions, we conclude that our models match the
observations well, and so the initial conditions and choices
of a priori unknown parameters we used are realistic and
reasonable. We also conclude that the subsequent evolution
of these regions is quite insensitive to reasonable values of
the parameters that we varied. We found that our initially
very substructured systems became spherical, monolithic,
and smooth very quickly, in both their spatial and veloc-
MNRAS 000, 1–11 (2018)
10 A. Sills et al.
0 1 2 3 4 5 6 7
Time (Myr)
0.0
0.5
1.0
1.5
2.0
2.5
vi
r
Figure 13. Virial ratio as a function of time for two DR21 region
runs. The different colours correspond to the same simulations as
in figure 9. The orange line is the high gas fraction simulation. The
solid squares show the virial ratio in the fiducial DR21 simulation
calculated using only the kinetic and potential energies of the
stars; the open squares show the virial ratio for that simulation
calculated using the kinetic energy of the stars but the potential
energy of the gas and stars together.
ity distributions. Evolution of embedded clusters at young
ages appears to be dominated by gravitational interactions
between the stars, with only a small influence from the sur-
rounding gas.
Like all models, our simulations have limitations. First,
we neglect ongoing star formation, despite the high likeli-
hood that it should happen in these regions. At galactic
scales, a typical star formation threshold used in simulations
is 100 M/pc3 (e.g. Benincasa et al. 2016), which our sim-
ulations regularly exceed at their centre. However, simula-
tions of cluster-scale regions suggest that a more reasonable
star formation threshold is a few thousand M/pc3 (My-
ers 2010) in star clusters, which is well below the maximum
seen in almost all our simulations. Only the simulation with
the high gas fraction reaches about 105 M/pc3. Star for-
mation is also expected to proceed on timescales related to
the local free-fall time (e.g. ∼ 10 τff , Kruijssen et al. 2011).
The free-fall time of the gas in the DR21 simulations is of
order 1 Myr. Since our total simulation time is at most 10
Myr, we feel justified in neglecting most star formation, es-
pecially over the early stages of the simulation. However, to
follow the evolution of young star clusters over a longer time
or with a high gas fraction, active star formation should be
included in the model.
We also note that some of the MYStIX regions are em-
bedded in gas filaments (particularly the DR21 region) in
which the gas motions are directed along the filament to-
wards the cluster. Therefore, the gas mass should be increas-
ing with time, providing additional fuel for star formation.
Given the dynamical timescale of the DR21 filament (1.5
Myr) and its density (about 700 cm−3) (Schneider et al.
2010), we estimate that the infall rate of material is a few
tens of solar masses per Myr, which will not cause a sub-
stantial change to the gas mass or gas density over the ∼
10 Myr of our simulations. Along the same lines, our model
gas distribution is not as clumpy and complicated as the dis-
tribution of gas in likely to be in real star forming regions.
Additional localized star formation may occur as higher den-
sity regions of gas collapse further.
The MYStIX observations (Getman et al. 2014), and
others (e.g. Beccari et al. 2017) suggest that there is an
age spread or gradient of the stars in many of these young
clusters. Their observations suggest that in most clusters,
the younger stars are found closer to the cluster centre.
While our models do not include continuous star formation
that could produce such a gradient, we can comment on the
timescale over which such a gradient could be preserved. If
we tag the stars by their location at the start of our simula-
tion, we see that the stars in the outskirts remain primarily
in the outskirts for about 2 Myr in the DR21 simulations,
but after that time, they become mixed in with the stars
from the inner regions. This mixing should be affected by
the boundedness of the stars to their birth complex, and may
also depend on the duration and spatial extent of the star-
forming event. Open clusters do not show an age gradient,
perhaps because of this dynamical mixing. A more careful
study of the age distribution of stars in embedded clusters,
and the subsequent dynamical evolution of the population,
could be very useful for understanding how and where stars
form, and what subsequent observational signatures of that
star formation process may exist.
An interesting question in the study of young clusters
concerns mass segregation. Are massive stars born at the
centres of clusters (“primordial mass segregation”), or do
young clusters become mass segregated due to dynamical
processes? In our simulations, we impose a random distri-
bution of stellar masses on our initial conditions, so we can-
not comment in detail on the dynamical evolution of a vari-
ety of initial mass distributions. A recent paper (Domı´nguez
et al. 2017) may point to an answer, however. Those authors
used detailed N-body simulations of a variety of initial clus-
ter configurations and initial primordial mass segregation,
or lack thereof. They also included a non-evolving gas po-
tential. In all cases, their clusters showed evidence of mass
segregation by the time the system was spherical, no matter
what initial conditions they chose. These results are simi-
lar to simulations with clumpy initial substructure but no
gas (e.g. McMillan et al. 2007; Parker et al. 2016) A prelim-
inary analysis of our simulations suggests that we see the
same effect, although as we follow the simulations further
in time, it appears that the mass segregation becomes more
pronounced. A more sophisticated analysis of simulations
with different distributions of stellar masses would be in-
teresting, particularly to check if interactions with the gas
could modify this dynamical process.
We have neglected binary stars in our simulations, even
though we expect that the binary fraction in young clus-
ters should be quite high. The likely effect would be to in-
crease the stellar mass of the system, since we have assumed
that each observed star is a singleton, but in fact each point
of light has a significant chance of being a double or even
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a higher-order multiple. There could also be increased dy-
namical interaction between the stars, especially as the stel-
lar density increases. Binaries may also act as an internal
energy source, preventing the density from continuing to in-
crease in real clusters. Future dynamical simulations are be-
ing planned with a realistic binary fraction and distribution
of the initial binary properties to test these suggestions.
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